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Abstract: Household consumption of durable goods is associated with environmental impacts in 
production, use and end-of-life treatment, all of which could be affected by actions to extend product 
lifetime. In order to estimate environmental benefits and direct strategies for lifetime extension we need 
to understand the consumption dynamics for durable goods. In this paper we present a stock-driven 
dynamic model of household durables based on material flow analysis (MFA) methodology. We 
investigate the stocks and flows of furniture and appliances in Norwegian households, using population 
and product ownership rate as drivers for stock levels and socioeconomic drivers project future stock 
requirements. The model is calibrated by collecting historical data on ownership, purchase, and disposal 
of such goods. The considered durables are divided into representative archetypes characterized by 
typical service lifetime. The dynamic, vintage modelling approach is well suited to consider effects such 
as an increased need for maintenance and/or operational energy among household products with 
prolonged lifetime. We illustrate uses for the model to quantify impacts caused by demand for goods 
and the environmental system effects associated with lifetime extension, and we discuss insights to 
direct effective measures. Potential applications include a support for product design, household 




Households can be said to have their own 
metabolism, as there is material throughput 
needed to support its inhabitants and their 
activities (Baccini & Brunner, 2012). We can 
use the term “stock” to refer to the owned goods 
of a given type, and "flows" to refer to 
acquisition and disposal of these goods. Goods 
such as furniture and appliances provide some 
service to the people using them. The demand 
for these goods can be called stock-driven, 
considering that it is the possession of these 
products that make them useful, as opposed to 
food, whose intake – not pure possession – is 
what satisfies human needs. Analysis of stocks 
and flows in a system, based on the law of 
conservation of matter, is the subject of material 
flow analysis (MFA) (Baccini & Brunner, 2012). 
In particular, dynamic MFA describes the 
system behavior over time (E. Müller et al., 
2014). In a stock-driven dynamic model, stock 
levels are driven by physical determinants, 
usually population and lifestyle factors, such as 
product ownership rate – and considering the 
product lifetime this defines how many units are 
acquired and how many are discarded each 
time period (D. B. Müller, 2006). Dynamic 
models are suitable for studying the 
interrelation between material stock, flow and 
service demand (Haberl et al., 2017). They can 
also assist in determining how fast changes in 
the product can be implemented on a larger 
scale (Pauliuk & Müller, 2014). A dynamic MFA 
approach has been used to investigate stocks 
of cars (Pauliuk et al., 2012), buildings 
(Sandberg et al., 2014, 2016; Vásquez et al., 
2016), and infrastructure (D. B. Müller et al., 
2013).  
Stock models combined with life cycle 
assessment (LCA) can be used to quantify 
environmental impacts associated with the 
demand for goods, for example to study 
environmental impacts of urban consumption 
(Lavers Westin et al., 2019). The combined 
MFA-LCA approach forms a suitable tool for 
investigating the environmental impacts of 
consumption of household durables and 
potential benefits of lifetime extension of these 
products. The systems perspective, being at 
the core of MFA, ensures coverage of overall 
impacts from lifetime extension strategies.  
In this work, we use MFA to study the dynamics 
of appliance and furniture stock in Norwegian 
households. Furthermore, we apply LCA to 
illustrate how the environmental impacts of the 
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demand for these goods can be improved with 
the use of product lifetime extension.  
 
Methods 
We modelled stocks and flows of appliances 
and furniture in Norwegian households using a 
stock-driven MFA model. The ODYM 
framework (Pauliuk & Heeren, 2019) was used 
for the model implementation, considering ten 
appliances: fridge, freezer, fridge freezer, 
washing machine, tumble dryer, dishwasher, 
vacuum cleaner, stove (incl. oven and 
stovetop), microwave oven, and kettle. Due to 
poor data availability, household furniture was 
not divided into categories, but just one generic 
category for furniture was used. The stocks of 
appliances were measured in items, while the 
stock of furniture – in tons. Material stocks and 
flows were calculated for annual cohorts in the 
period 1900-2100, with Norwegian households 
being the system boundary. The stocks were 
determined based on historic and projected 
population numbers (Statistics Norway, 2020a, 
2020c) and lifestyle factors. For furniture, the 
lifestyle factors were the useful floor area per 
dwelling (Bergsdal et al., 2007) and furniture 
intensity (Døvle, 2001). In the absence of more 
detailed information, we assumed a constant 
level of furniture intensity (10 kg/m2) throughout 
the studied period. For appliances, the lifestyle 
factors were the dwelling size (Statistics 
Norway, n.d.), and product ownership per 
dwelling for each appliance type (Bartlett, 1993; 
Bøeng et al., 2011; Dalen & Larsen, 2013; 
Halvorsen et al., 2005; Lien & Langseth, 2018; 
Schipper et al., 1987; Statistics Norway, 2013). 
In case of the dwelling size and product 
ownership per dwelling, we fitted logistic  or 
double logistic (Baione et al., 2020) curves to 
the source data, as the logistic function is well 
suited to depict diffusion processes (Grübler & 
Nakićenović, 1991). For the purpose of 
regression, the dwelling size was set to 5.4 and 
2.1 person per dwelling in 1800 and 2100, 
respectively. 
Although a stock-driven (vintage) MFA model 
requires the exogenous data for stock only, 
historical data for inflows and outflows helps to 
calibrate and validate the model. Appliance 
inflows for years 2006-2019 were taken from 
sales data (Elektronikkbransjen, 2020; Hind 
Fagerlund, 2020; Statistics Norway, 2021a). To 
estimate inflows of furniture, we combined two 
sources of data. First, data on Norwegian 
imports and exports of "furniture and parts 
thereof" was obtained, both in monetary value 
and in weight (Statistics Norway, 2021b). 
Second, the data from EXIOBASE 3 input-
output (IO) database (Stadler et al., 2018) 
helped to estimate the share of household 
consumption in imports of furniture and the 
share of domestic production in household 
consumption of furniture. The product category 
called "Furniture; other manufactured goods 
not elsewhere classified" served as a proxy for 
furniture. Combining the two data sources 
yielded an estimate of furniture inflows to 
Norwegian households for years 1995-2016. 
The lower and upper bounds of this estimate 
are equivalent to the assumption that the 
domestically consumed furniture has the same 
price per unit weight as the average imported 
and exported furniture, respectively.  
Appliance outflows were obtained from e-waste 
statistics for two aggregated categories (cooling 
appliances and other big appliances) in units of 
weight (COWI AS, 2019). For unit conversion 
purposes, weight per unit appliance was 
estimated using statistical data on imports 
(Statistics Norway, 2021a) and producer data 
on chosen appliances currently available on 
sale (Elkjøp, 2021). Furniture outflows were 
obtained from waste statistics, using a sum of 
"wood waste" and "other" as a proxy. Both 
waste categories were available for years 2012-
2019 (Statistics Norway, 2020b), while only 
wood waste was available for years 1990-1997 
(Frøyen & Skullerud, 2000), so "other" waste 
was estimated using the average other-to-wood 
waste ratio for years 2012-2019.  
Lifetime was generally selected through a 
calibration procedure intended to fit the model 
results to historical inflow and outflow data. 
However, we ensured that the selected values 
are in line with the available literature on 
appliances (Huisman et al., 2012) and furniture 
(Box, 1983). 
Operational energy use of appliances was 
assessed using two different methods. In both 
cases, stand-by energy consumption was 
disregarded. The first method was applied to 
the appliance categories not belonging to the 
EU energy labelling scheme i.e., microwave 
oven, kettle, and stovetop (part of the stove). 
Energy use assumed to be constant at the level 
of 0.056 kWh/cycle for microwaves (Gallego-
Schmid et al., 2018), 0.073 kWh/cycle for 
kettles (Murray et al., 2016), and 0.55 
kWh/cycle for stovetops (Rodríguez Quintero et 
al., 2020). The same sources were used for the 
frequency of use of these appliances.  
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Energy use for the other appliances was 
estimated from EU energy labelling regulations, 
available for fridge, freezer, fridge freezer, 
washing machine, tumble dryer, dishwasher, 
vacuum cleaner, and oven (part of stove). Sales 
data by appliance type and energy efficiency 
class (Hind Fagerlund, 2020) was combined 
with the average annual energy use per energy 
class according to EU law (Directive 
2010/30/EU, 2010) to obtain the average 
annual energy use of appliances sold in years 
2008-2017 (2014-2017 for vacuum cleaners). 
Additionally, we assumed that all appliances 
sold in year 1990 have energy use equal to the 
average of energy class D and those sold in 
year 2030 – to the minimum energy use of class 
A+++. A linear trend was assumed between 
year 1990 and 2008 (2014 for vacuum 
cleaners), and between 2017 and 2030, as 
seen in Figure 1. Constant values were 
assumed outside the range 1990-2030. The 
frequency of use of the energy labelled 
appliances was assumed to be constant, equal 
to 2016 data from Lien & Langseth (2018), 
except for vacuum cleaners for which 50 uses 
per year were chosen, based on a default used 
in EU law (Commission Delegated Regulation 
(EU) No 665/2013, 2013).  
Finally, environmental impacts were calculated 
for years 2020-2040 using the LCA approach, 
according to ISO 14040 (2006). The functional 
unit was defined as “annual services provided 
by furniture and appliances in Norwegian 
households”. We considered three types of 
impacts: climate change (CC), cumulative 
energy demand (CED) and mineral depletion 
(MD). Climate change impacts were calculated 
using GWP100 metrics, as given by the IPCC 
2013 method (IPCC, 2013). Cumulative energy 
demand calculations were based on a method 
developed at ecoinvent Centre (Frischknecht & 
Jungbluth, 2007). Mineral depletion was 
calculated using MDP metrics of ReCiPe 2008 
midpoint (H) method (Goedkoop et al., 2009). 
Unit impact scores were sourced from 
ecoinvent v3.7.1 database (allocation cutoff) 
(Weidema et al., 2013). Norwegian electricity 
consumption mix was considered. We assumed 
that the impact multipliers are constant for all 
cohorts and years. Impacts of fridges (scaled by 
appliance weight) were used as a proxy for 
fridge freezers and freezers. We modelled 
production impacts for all goods and use 
impacts for appliances, associated with their 
operational energy use. Disposal and 
maintenance were disregarded.  
To illustrate the possible applications of the 
model, we created two scenarios: a Baseline 
scenario assuming no changes in product 
lifetime after year 2020, and Lifetime extension 
scenario (Scenario 1) wherein all products 
produced in 2021 or later have their lifetime 
extended by 25% at the cost of 10% increase in 
production impacts.  
 
Results 
Outputs from the dynamic stock and flow model 
for furniture and appliances in Norwegian 
households show good fit to historical inflow 
(Figure 2) and outflow data  (Figure 3), after 
product lifetime was adjusted for each product 
type using Weibull distribution.
Figure 1. Energy use per running cycle for 
chosen appliances. Data (incl. assumptions) and 
full time series serving as model input. 
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Figure 2. Material outflows of furniture and selected appliances in the model: historical data and model 
results. Cooling appliances include fridge, freezer and fridge freezer. Other big appliances include 
washing machine, tumble dryer, dishwasher, stove, and microwave oven. 
Figure 3. Material inflows of furniture and selected appliances in the model: historical data 
and model results. 
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An interesting observation from the model tests 
is that furniture required a time-dependent 
lifetime to fit historical data, wherein the 
average lifetime was set to 20 years for age-
cohorts until 1980 and 8 years starting from 
2000, with a linear trend for 1980-2000. Such a 
sharp decrease in furniture lifetime is supported 
by both inflow and outflow historical data. The 
population and useful floor area per person 
were used as physical determinants of the 
model, so changes in these factors alone do not 
explain the need for lifetime adjustments.  
Modelled appliances had a constant lifetime for 
all age-cohorts. Freezers were assumed to 
have the longest lifespan (mean 24.5 years) 
and vacuum cleaners the shortest (mean 5.5 
years), which is consistent with literature 
(Huisman et al., 2012, p. 21). Although 
appliance lifetimes are said to have been 
decreasing in recent years (Huisman et al., 
2012), the historical data that we collected does 
not give enough evidence to support it, possibly 
due to a small number of data points. The only 
exception is the vacuum cleaner, whose 
historical inflow data suggests that they may 
have had their lifetime decreased. Indeed, 
literature shows that small appliances suffered 
the strongest decrease in lifetime among all 
appliances (Huisman et al., 2012, p. 21). 
Unfortunately, outflows of vacuum cleaners (as 
well as kettles) were not validated due to lack of 
appropriate disposal statistics.  
The stock and flow model served as a basis for 
calculation of environmental impacts arising 
from production and use of goods demanded by 
Norwegian households. First, we investigated 
baseline scenario impacts in year 2020. 
Climate change (CC) impacts (Figure 4) were 
dominated by furniture, whose production 
impacts were 8 times higher than production 
and use impacts the following most emission-
intensive item. Stove showed the highest use-
related climate change impacts. Cumulative 
energy demand (CED) impacts (Figure 5) were 
also the highest for furniture, with the total 
impacts around 3 times higher than these of the 
following item. We observe a high contribution 
of the use phase to the total impacts in case of 
CED. Norwegian electricity is primarily 
hydropower, and this reduced the importance of 
use relative to production for CC.  Mineral 
depletion (MD) impacts (Figure 6) exhibit a 
similar pattern to that of CC, i.e., with production 
phase dominating overall impacts. Furniture 
and appliances differ in their material 
composition, with a large share of wood in 
furniture. Unlike CC and CED impacts, the 
mineral depletion impacts of furniture and 
appliances are in the same order of magnitude. 
Finally, we calculated impacts for years 2020-
2040 and we compared the results of the 
baseline scenario with the alternative assuming 
extended lifetime for products bought after 
2020 (Scenario 1, see Figure 7). In each 
considered case, the lifetime extension 
scenario is considered less environmentally 
beneficial at the onset of the period, due to the 
assumed increase in production impacts. As 
the more durable products gradually become a 
larger part of the stock, replacement rates are 
reduced. Eventually a break-even point is 
reached, and the lifetime intervention becomes 
beneficial. The break-even point occurs later for 
goods with inherently longer lifetime (freezer) 
and earlier for those with shorter lifetimes 
(furniture and vacuum cleaners). The 
magnitude of the overall benefit and its annual 
distribution is an interplay between the product 
cohort lifetime, production-to-use impacts ratio, 
and assumed changes in energy use of future 
cohorts. Finally, a trade-off exists between 
production and use impacts, as keeping older 
appliances in use increases the average energy 
use of the stock, driving up the impacts. This is 
particularly evident for vacuum cleaners, with 
expected significant energy-efficiency gains in 
the following years.  
 
Conclusions 
In this work we demonstrated how a dynamic 
stock-driven model can be used to understand 
the stock dynamics and its influence on the 
environmental impacts associated with 
household consumption. The model gives 
important insights into product lifetime, for 
example showing a strong decrease in furniture 
lifetime in the years following 1980. The 
combined MFA-LCA approached proved useful 
in showing the important role of the system 
dynamics on the rate at which improvements in 
the system can be introduced. We could see 
that in some cases, interventions impacting the 
longevity through better design of products 
entering the market would only yield benefits 
after decades. This suggests that effective 
measures should include actions influencing 
products currently in use e.g., through repair or 
user behavior. Consequently, potential 
applications of the model include product 
design, household behavior campaigns and 
environmental policy making.   
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Further work will address current limitations of 
the model and uses aimed to support policies 
for sustainable lifestyles. The model could offer 
features to extend lifetime through repair, 
maintenance, and other user-oriented 
interventions, as production-oriented solutions 
may be insufficient to reach environmental 
targets. Dynamics of model parameters such as 
lifetime, frequency of use, and unit impact 
multipliers could be analyzed. Ideally, future 
activities would also include validation of our 
assumptions on furniture intensity (kg/m2 of 
floor area) and energy use of appliances. The 
ongoing energy transition could be integrated to 
the dynamic modelling, to evaluate the timing of 
strategies for climate change, energy and 
material efficiency under various time 
perspectives. Future work could also 
incorporate substance stock and flow and end-
of-life impacts, facilitating research towards 










Figure 5. Cumulative energy demand impacts of household furniture and appliances in 2020. 
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Figure 6. Mineral depletion impacts of household furniture and appliances in 2020. 
 
Figure 7. Relative changes in environmental impacts of furniture and selected appliances, for baseline 
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